A statistical approach is proposed to utilize the information contained both in scientific surveys and commercial fishing logbooks, in order to determine spatial and temporal distributions of recruiting and spawning fish of exploited populations. The approach is based on multivariate descriptive methods including ordination methods and classification techniques. A typology involving a principal component analysis (PCA), followed by a hierarchical ascending classification (HAC), is applied to both scientific and commercial data. PCA that accounts for spatial and temporal contiguities were performed. These analyses allow to compare structures observed at global and local scales, with those observed without focusing on a particular scale. The method is applied to the whiting population in the Celtic Sea. The analyses performed on both scientific and commercial CPUE show that most age groups are found north of 50°N. The analysis of commercial CPUE indicates four periods in the year associated with particular areas. High abundances of adults (age >2 years) are observed during spawning season (January-April) in inshore areas (south of Ireland and off Cornwall). Intermediate abundances of adults are observed in the same area in May and June. Between July and September, all age groups are observed in the Smalls area, where particularly high abundance of recruiting group 1 are found. During the last quarter, the distribution of adults is more widespread, mainly ranging between 51°N and 52°N.
Introduction
Most demersal and benthic fish populations exhibit spatial and seasonal patterns in relation to their annual life cycle, in particular linked to reproduction. After spawning, adults migrate towards feeding areas, and eggs and larvae drift towards nurseries, which correspond in general to habitats that are particularly suitable for larval settlement and juvenile growth. As a consequence, there is often a spatial and/or seasonal segregation between adults and juveniles (Nicholsky, 1968) . In spite of this, most population dynamic models, and in particular those used for stock assessment, are not spatially and seasonally structured. Such models are needed for a more accurate evaluation of fishing mortality when fishing effort targets areas of high fish abundance (see e.g. Pelletier and Magal, 1996) . Also, models that are structured in space and time are necessary to assess the impact of spatio-seasonal management measures, which are more and more advocated as an additional management tool to reduce overexploitation. Building such models requires a better knowledge of the large-scale spatial and seasonal patterns of distribution for each demographic stage of the population. As for many other species, the main features of whiting, Merlangius merlangus (Linnaeus, 1758) , life cycle are well identified, but knowledge of stage-specific spatial preferenda, as well as corresponding seasons, is poor. Literature on the subject lacks details, e.g. only mentioning "far from the shore", or "in coastal areas", and may even appear ambiguous or contradictory. Such descriptions are not sufficiently formalized for building a spatial and seasonal model of population dynamics.
Scientific surveys and records from the commercial fishery are the main sources of data available to determine stage-specific spatial and temporal distributions of exploited populations. Scientific survey data have several advantages. First, they are obtained from standardized and controlled sampling protocols, which facilitates their analysis. Second, they are precisely georeferenced and aim at providing a balanced spatial coverage of the area of distribution of the populations studied. A major interest of scientific surveys is to give information on the spatial distribution and abundance level of the youngest individuals (0-group and 1-group), which are not well represented in commercial landings data, because they are either not yet recruited to the fishery or discarded at sea. On the other hand, as surveys are generally conducted once a year, such data cannot provide a sufficient seasonal coverage for describing population dynamics. In contrast, fishery logbooks provide a much larger set of catch per unit effort (CPUE) with a good temporal coverage over the year. However, the location of each fishing operation is only known at the scale of ICES statistical rectangles. Timing is known at the scale of trip duration (i.e. 12 days for French trawlers in the Celtic Sea). Although the spatial and temporal resolutions of commercial fishing data are not as fine as for scientific data, they may be sufficient to depict broad spatial and seasonal features for stages above minimum landing size. CPUE yield relative abundance levels for each characteristic areas (or patches) at specific times of the year (seasons). A major drawback of using commercial CPUE as an index of abundance lies in the lack of information in certain areas not visited by fishermen. Commercial and scientific data exhibit complementary features that could be utilized to determine large-scale spatial and seasonal distributions of exploited populations.
Spatial distributions of marine populations are commonly patchy or display gradient structures, resulting in spatial autocorrelation for abundance (Legendre, 1993) . Spatial correlation functions or indices (Moran, 1948; Geary, 1954; Cliff and Ord, 1973) allow to evaluate the similarity of abundances measured at different locations. Some methods of spatial data analysis explicitly handle spatial correlation, e.g. kriging methods (Petitgas, 1993; Pelletier and Parma, 1994) , but they require georeferenced data and an appropriate sampling design for estimating correlation structures. In the case of coarse spatial resolution, other methods may be used. For instance, there have been several attempts to introduce spatial information in multivariate descriptive analysis (e.g. Thioulouse et al., 1995) , but applications in ecology are scarce (Thioulouse et al., 1995 in terrestrial ecology, Trueblood, 1991 Gaertner, 1997 in marine ecology). Cornillon et al. (1997) developed a method which takes into account both spatial and temporal contiguities in a multitable analysis, but no applications in ecology are published yet. Multivariate analyses accounting for contiguities between individuals are based on a generalization of Geary's index (Lebart, 1969) .
In this paper, we aim at delineating (i) patches that identify areas with similar age-specific abundance levels at certain times of the year; and (ii) corresponding seasons as groups of months.
Large-scale spatial and temporal autocorrelation in fish abundance is exemplified by the fact that, each year, specific population stages are confined in particular areas (e.g. nurseries, spawning grounds, wintering grounds) during several months. In order to account for this large-scale autocorrelation of abundance, we propose a method based on multivariate ordination and classification techniques which takes into account temporal and spatial contiguities, unlike typologies based on a simple PCA, which assume that statistical individuals are independent from the standpoint of active variables (age-specific abundances in this case). The approach is illustrated by an application to the whiting population of the Celtic Sea, an important commercial species for the French fishery. We first summarize existing knowledge on the life cycle and spatial and seasonal patterns of the Celtic Sea whiting. In a second step, we describe commercial and scientific CPUE data usually available for exploited populations in the north-east Atlantic, based on the example of the Celtic Sea whiting. In particular, we compare their spatial and temporal resolutions, as well as other features resulting from the sampling design. We then present the method used to delineate seasonal age-specific distribution zones from these data. We finally discuss from a more general standpoint the questions of data collection aimed at improving the knowledge of spatial and seasonal patterns of exploited populations.
Whiting population and exploitation in the Celtic Sea
The Celtic Sea is a continental sea bounded on its eastern and northern sides by France, the UK, and Ireland (Fig. 1) . Whiting is one of the main commercial species caught in this area, chiefly by the French fleet, but fishermen from the UK, Ireland, and Belgium also fish this area. The French fleet is made up of medium-sized (20-33 m long) bottom trawlers that operate all year round, making trips of 8-14 days targeting either gadoids, whiting and cod (Gadus morhua), benthic fish, monkfish (Lophius piscatorius and Lophius budegassa) and megrim (Lepidorhombus whiffıagonis), or Norway lobster (Nephrops norvegicus). Whiting is a target for the gadoid metier (see e.g. Pelletier and Ferraris, 2000 for characterization of metiers in the Celtic Sea fishery), and is incidentally caught by the other two metiers. The minimum legal size of whiting is 27 cm for all areas north of 48°N. The largest share of annual catches is taken south of Ireland and north of Cornwall, during the first quarter of the year where mature individuals concentrate for spawning. In September, a second peak of catches is observed, which may be linked to a feeding concentration on the Smalls (VIIg2) (Charuau and Biseau, 1989) .
Whiting is a demersal species living at depths from 10 to 200 m, with a preference for the 30-100 m range (Quéro and Vayne, 1997) . The identity of whiting populations in the Celtic Sea and in the Western English Channel is not firmly established (IFREMER and MAFF, 1993) . In these areas, spawning takes place from January-February to May-June, with a peak in March-April (Ould el Kettab, 1993) . At the beginning of the spawning season, mature whiting migrate towards coastal areas (Ould el Kettab, 1993) . After metamorphosis, juveniles of 6-7 cm settle on the bottom in shallow coastal areas (Nagabhushanam, 1965) off Southern Ireland (VIIg3), in St George's Channel (VIIf1) and around Cornwall (VIIe2) (Ould el Kettab, 1993) (Fig. 1) . A discard study on the Nephrops fishery showed that juveniles are also found during winter on the Smalls (VIIg2) (Charuau and Biseau, 1989) . The average length at maturity (L 50 ) is about 32 cm total length, i.e. roughly at age 2 (Charuau and Biseau, 1989) .
Materials and methods

Scientific survey data
French Institute for the Exploitation of the Sea (IFRE-MER) and Center for Environment, Fisheries and Aquaculture Science (CEFAS) have undertaken annual bottom trawl surveys in the Celtic Sea since 1990 and 1989, respectively. These surveys are mainly intended to investigate the biology, abundance and spatial distribution of all species, which can be representatively sampled by bottom trawls. Catch in numbers and weights, and length compositions are routinely recorded for all species caught. Otoliths are sampled, so that age-length keys by sex are available to estimate age distributions from length distributions.
The gear used during IFREMER surveys is a GOV (Large Vertical Opening) 36/47 trawl with a 20 mm mesh codend liner. The trawl is deployed with plane oval trawl boards of 1300 kg and with 10-20 cm rubber discs on the footrope. Haul duration is 30 min. The survey area is stratified according to latitude and depth with two random hauls in each stratum. Two geographical areas are identified in the Celtic Sea and six depth zones are used (ICES, 1997) . The 12 strata are divided into units of 25 square nautical miles. The number of hauls per stratum is proportional to stratum surface. The standard bottom trawl used during CEFAS surveys is a modified Portuguese high-headline trawl (PHHT) which is fitted with 35 cm rubber bobbins on the ground rope, a bunt tickler chain, and a 20 mm mesh codend liner. Haul duration is 60 min. The survey area is stratified per statistical rectangle with two hauls in each stratum. In both surveys, towing speeds are similar (7.41 km h In this paper, we analyzed data from the IFREMER surveys conducted in 1997, 1998 and 1999. For CEFAS surveys, data only from 1998 and 1999 were used because age-length keys were available only for these two years. IFREMER and CEFAS surveys were, respectively, performed in autumn (October-November) and in spring (March), and will therefore, be referred to as autumn survey and spring survey in the rest of the paper. The sampled area extends from 48°N to 52°N and 3°W to 12°W; it includes ICES Divisions VIIf, g, h, j and the north-western part of VIIe (Fig. 1) . For each survey, the number of hauls performed in each sampled ICES statistical rectangle varies from one to five, but is generally one or two. For each age group and each haul, CPUE was calculated as catch weight per towed hour. Summary statistics for these surveys are given in Table 1 .
Commercial logbook data
Fisheries statistics (logbook catch and effort data) are routinely collected by IFREMER and stored in an official database managed by the Regional Center of Statistical Processing (CRTS) of the French administration. In this study, we considered data from every single and paired bottomtrawl vessel working in the Celtic Sea. The mesh size is 90 mm. The areas selected for the analysis are subdivisions VIIe1, VIIe2, VIIf1, and divisions VIIg and VIIh (Fig. 1) , thus including the Western English Channel area. Although whiting may be found in VIIj1 and VIIj2 too, these subdivisions were excluded because French catch and effort are negligible there. Effort data consists of nominal fishing effort in trawling hours per ICES statistical rectangle (0.5°latitude × 1°longitude) for each trip recorded in the database. Catch data (in kg per species and market category) correspond to landings and are provided by the census of sales at market hall. Due to a lack of detailed information about discards, landings per unit effort (LPUE) are assumed to be an abundance index, and will be termed CPUE in the following. The discard problem will be discussed later in the paper.
In this paper, we considered data from 1993 to 1997, based on the expertise of scientists in charge of the fishery. During these years, all vessels use the same gear and vessels have similar lengths. This way, we minimized possible trends in fishing power due to technical characteristics. CPUE were recorded per market category. In order to better match demographic stages, they were converted into CPUE per age group using commercial sampling data collected in French market halls of south-west Brittany where most of Celtic Sea catch is landed. The sampling protocol is a stratified three-stage sampling scheme. For each quarter from 1993 to 1997, a relative age composition is estimated for each market category and applied to catch per month. Summary statistics for commercial data are given in Table 1 .
Since fishermen are not mandated to give an estimation of catch by species per rectangle, catch may be unambiguously assigned to a rectangle only if the vessel fished exclusively within a single rectangle during that trip. Such trips are called "single rectangle trips" in the following. They represent on average 37% of all the trips ( Table 2 ). Note that for the purpose of this paper it is not required that these trips be a representative sample of the whole set of commercial trips; rather they should represent a substantial percentage of all trips and a good coverage of the whole Celtic Shelf. This issue is further discussed later.
Computation of CPUE indices
First we specify the scales at which data are analyzed to investigate recurrent spatial and seasonal patterns of abundance. Regarding spatial scale, commercial CPUE have the coarser resolution, but they represent the bulk of the data. We thus retained the scale of ICES statistical rectangles, and survey CPUE are averaged per rectangle. Recall that there are on average two hauls per rectangle in each survey. Regarding temporal scale, we computed monthly commercial CPUE, which are suitable for studying seasonal features. We are interested in patterns tied to the life cycle, which should be recurrent over years. Evidencing such patterns may be achieved by analyzing either yearly CPUE or CPUE averaged over years. We conducted both types of analyses. However, in the case of commercial data, fishing trips in a given year do not cover all rectangles each month, and CPUE averaged over years provide a better coverage for appraising spatial and seasonal distribution patterns. Furthermore, averaging reduces the variability of the CPUE abundance index. Results of analyses carried out from yearly CPUE and from averaged CPUE were compared to check that analyses of averaged CPUE reflect recurrent patterns and are not too dependent on year-specific patterns. Note that we are only interested in possible consequences of year-to-year differences for cluster composition, and not in testing year effects per se. Inferential analyses that test for year effects are not helpful in this purpose. Year effects will inevitably be significant, but this falls beyond the scope of this paper. For commercial data, a mean CPUE was thus calculated per statistical rectangle and per month as the sum of catch divided by the sum of fishing effort, taken over all single rectangle trips between 1993 and 1997. Aggregation over trips is assumed to smooth out as much as possible individual effects due to fishermen behavior (e.g. fishing power, fishing strategy and small-scale allocation of fishing effort). In this analysis, only single rectangle trips are used. They amount from 1700 to 3700 trips per year between 1993 and 1997 ( Table 2) .
Characterizing seasonal distributions of population abundance
The objective of the paper is to identify spatial and seasonal patches with similar abundances per age group. To achieve this, we used a multivariate descriptive methodology derived from Pelletier and Ferraris (2000) . This approach, termed "typology" in the previous paper, aims at defining clusters of statistical individuals that are similar with respect to variables of interest. Here, in the case of scientific data, statistical individuals are ICES rectangles during survey month. In the case of commercial data, statistical individuals are ICES rectangles during a given month (termed rectanglemonths in the paper). Each individual is described by the set of CPUE per age group (in kg h 1 ). The typology involves a principal component analysis (PCA), followed by a hierarchical ascending classification (HAC) on the principal axes of the PCA. The advantages of this approach for building clusters of individuals were pointed out by Lebart et al. (1997) and are discussed by Pelletier and Ferraris (2000) in the fisheries science context. Briefly, PCA provides insight into the underlying structure of a large data by synthesizing the relationships between variables. Individuals and variables may be projected on principal axes generated by new variables termed principal components, which are linear combinations (LC) of the initial variables. Principal axes and principal components are ordered according to their decreasing contribution to the variance of the data set. Hence, the first axis is the one along which the set of individuals are the most scattered, i.e. they are best discriminated. In HAC, clusters are built by successive pairwise agglomeration of individuals. HAC is here performed on the principal coordinates of the individuals. Among the possible partitions of individuals illustrated by the hierarchical tree (the dendrogram), we retain partitions with the highest level of the aggregation index, i.e. we cut the tree when the next agglomeration of two clusters leads to a maximum increase of within-cluster variance (Lebart et al., 1997) . Clusters are then characterized by computing testvalues. Test values are statistically significant when their absolute value is larger than 2 (Lebart, 1969) . When a testvalue is significantly positive (respectively, negative) (Lebart et al., 1984) , the mean of the quantitative variable (or the frequency of the categorical variable) is significantly higher (respectively, lower) in the cluster than in the population. In the typology, we distinguished active variables used to obtain the factorial axes or the clusters, here the CPUE variables, and illustrative variables that were only used to describe principal axes (by projections on these axes) or to characterize clusters (by computing test-values), e.g. months and rectangles. In the present analysis, HAC groups individuals into clusters according to the abundance of each age group. Hence, each cluster comprises rectangle-months that exhibit similar abundances per age group. HAC results are represented on monthly maps of spatial distribution displaying the cluster to which each rectangle belongs. In order to evaluate how the typology summarized the data, monthly maps of CPUE are also presented for each age group from age 0 to 3+, for both scientific and commercial data.
Contiguity analyses
A typology based on a simple PCA assumes that individuals are statistically independent from the standpoint of active variables (age-specific abundances in this case). Since the typology of rectangle-months is intended (i) to delineate zones with similar age-specific abundances at a given period of the year; and (ii) to determine seasons during which occupation of space by fish is similar, spatial and temporal contiguities should be considered. In addition to simple PCA, we use the multivariate contiguity analysis described by Thioulouse et al. (1995) . This method is described in Appendix A. It yields the same kind of results as simple PCA, but in addition is helpful to check that observed structures are consistent at small and large spatio-temporal scales.
Contiguity analyses followed by HAC on factorial axes were applied to scientific and commercial data. In the case of commercial data, both temporal and spatial contiguities were accounted for defining the neighboring relationship. Regarding temporal scale (the 12 months), the neighbors of a given month are the previous and next months. As for spatial scale, we chose a neighboring relationship of order 8, i.e. two rectangles are neighbors if they have one side or one corner in common. To summarize, the neighbors of a given rectanglemonth are: (i) its spatial neighbors in the same month; and (ii) the same rectangle and its spatial neighbors in the next and previous months. In the case of scientific data, only spatial contiguities could be considered since there is 1 month of data per year. In preliminary analyses, the small number of data and their relatively high variability were found to lead to a large number of clusters (six or seven), most of them being composed of only one rectangle. Therefore, only results from a simple PCA will be presented for scientific data.
Analysis of year effects
In order to ensure ourselves that results were not distorted by year-specific effects, we also carried out typologies from CPUE that are not averaged over years. These analyses were only conducted for commercial CPUE that form the main piece of information in this study. Several techniques may be used in this purpose: (i) multitable analyses of a series of separate data tables per year, e.g. multiple factorial analyses (MFA) or the STATIS technique (see e.g. Gaertner et al., 1998 Gaertner et al., , 1999 for applications of these techniques to marine ecology); or (ii) conventional PCA of a single data table including all CPUE per rectangle-month for each year. Unfortunately, MFA does not allow for possible missing values and could only be applied to rectangle-months for which a CPUE is available each year from 1993 to 1997, which amounts to only 182 rectangle-months over a total of 502 in the averaged CPUE (i.e. it accounts for only one-third of the information). In addition, many missing values are located in the central Celtic Sea; we thus considered that this analysis would not be interesting for delineating the spatial distribution of interest. The STATIS technique handles missing values, but HAC could not be performed on axes resulting from STATIS in the available softwares. As the analysis of year-toyear variations was not central to our study, we resorted to (ii) and conducted a PCA on the data table including all nonaveraged CPUE, followed by a HAC. The importance of year-specific effects was evaluated by considering the year variable as an illustrative variable in the typology, and by analyzing the influence of each particular year on cluster composition and characterization.
Contiguity analyses were performed with ADE-4 (Thioulouse et al., 1997), freely available at http://pbil.univlyon1.fr/ADE-4/ADE-4F.html. Classical multivariate analyses were carried out with SPAD.N (CISIA, 1996).
Results
Scientific CPUE
Simple normalized PCAs were performed on autumn data (46 individuals (ICES statistical rectangles) and six variables (mean CPUE over years for age groups 0 to 5+)) and on spring data (47 rectangles and five variables (mean CPUE over years for age groups 1 to 5+, no age group 0 being observed in spring)). Analyses were also carried out on yearly data tables to check for year effects. Since results were similar to those obtained from pooled data, they were not reported here.
HAC on principal axes leads to a first partition into two well-separated clusters: a set of rectangles where whiting abundance is low for all age groups, and a smaller group of rectangles in the northern Celtic Sea with higher abundances for all age groups. In finer partitions, this latter cluster is further subdivided into age-specific zones comprising few rectangles. For both seasons, retained partitions correspond to four clusters (Table 3 ) which explain most of the variability of each data set (91% of total variance in autumn and 96% in spring). The first cluster corresponds to rectangles with relatively low abundances for all age groups (see mean CPUE per cluster in Table 3 ).
In spring, the second cluster is characteristic of very high abundances of ages 2 and 3 and to a lesser extent 4, whereas cluster 3 corresponds to a single rectangle with peak abundances (9-15 times as high as on average over all rectangles) of age groups 2 to 5+. A closer look at data shows that these high values were observed in 1998 and 1999. Cluster 4 is characterized by peak abundances for all ages (same order of magnitude as in cluster 3). Regarding autumn, cluster 2 comprises rectangles with very high abundances of age groups 0 and 1 (on average sevenfold). Rectangles of the third cluster exhibit very high abundances of ages 4 and 3. Cluster 4 is made of one rectangle with peak abundances for all age groups including ages 0 and 1.
The spatial distribution of the rectangles in each cluster (Fig. 2) shows that in both seasons, high abundances of whiting are only found in the northern Celtic Sea and in Cornwall. In the rest of the Celtic Sea, whiting is rare. Differences between spring and autumn illustrate the seasonality of the spatial distribution. In spring, extremely high abundances of age groups 2 to 5+ are found in the northern Celtic Sea (in rectangles 30E4, 32E2 and 32E3), in relation with reproduction. High abundances of young adults are observed in rectangle 32E4 and to a lesser extent in rectangle 29E5. Age group 1 is very abundant in rectangles 32E2 and 32E3. In autumn, whiting appears more widespread distributed, although always in the northern Celtic Sea. Age groups 0 and 1 are concentrated on and around the Smalls and eastwards in the Bristol Channel. All adults are very abundant in rectangle 31E3, and ages 3 and 4 are found in rectangles surrounding the Smalls.
Previous results were compared to simple maps of CPUE. CPUE were represented for age groups 0 to 3+ in autumn (Fig. 3a) , and for age groups 1 to 3+ in spring (Fig. 3b) . HAC results synthesize well the information contained in Fig. 3. 
Commercial data
We first present results based on CPUE averaged over years, and then we use results based on CPUE per year to evaluate how year-specific effects may influence the patterns revealed by the analysis of averaged CPUE.
Characterizing seasonal distributions of population abundance
This was achieved by a typology of rectangle-months on the basis of their average CPUE over years (502 individuals (the combinations of rectangle and month for which a CPUE is available) described by five active CPUE variables (one per age group 1 to 5+) and two illustrative variables (months and rectangles)). As explained earlier, the typology relies on contiguity analyses followed by an HAC. Contiguity analyses provide local, total and global results.
In all three analyses, the HAC leads to partitions in four clusters (Table 4 ) which explain 45% of the variance for total and local analyses and 50% for global analysis. It is less than for scientific data because the data set is much larger and more complex, including e.g. temporal variability. Cluster compositions are rather similar in the three analyses, except for April, May and June (Fig. 4) . Characterization of clusters by CPUE variables and by variables month and rectangle share common features among the three analyses, but also show slight differences. In the rectangles of the largest cluster (cluster 1), whiting abundance is consistently low for all ages throughout the year. Seasonal patterns of distributions are specific to age groups. In cluster 2, age groups 4, 5+ and to a lesser extent 3 are abundant during the first quarter. In contrast, cluster 3 is characterized by high abundances for age groups 2, 3 and to a lesser extent 4 during the second half of the year. The smallest cluster (cluster 4) corresponds to concentrations of immature individuals (age 1) from July to September. The similarities between cluster compositions obtained from total, local and global analyses, show that most spatial and seasonal patterns are consistent at local and global scales. In this respect, we only display maps pertaining to total analysis (Fig. 4a) , and maps from April to June for global analysis to illustrate the slight differences found with respect to total analysis (Fig. 4b) . Maps indicate four main seasons for whiting distribution. The first, from January to April, where high abundances of adults are found in the northern Celtic Sea and in the North Bishop area in relation to spawning. At this time of the year, adults are mainly found south of Ireland (VIIg3) and in the Bishop area (29E5 and VIIf1). In particular, mature whiting is consistently abundant in rectangles 29E4, 30E4 and 30E5 (Bishop area), and in rectangles 31E2, 32E2, 31E1, 32E3 (south of Ireland). Maps also show a northward shift of distribution between JanuaryFebruary and March-April. Young adults are found in January in the Bristol Channel (rectangle 31E5) due to a peak CPUE (71 440 kg h 1 ) of age 2. These individuals may still be immature, but this is impossible to check with available data. Young adults (mostly age 3) are also found in April and May in the Bishop area and south of Ireland, but in total analysis and not in global analysis, indicating that in these areas, abundance of these age groups is quite variable between neighboring rectangle-months (i.e. locally variable). Note also that patterns found in April and May are influenced by data from March and June because of contiguities.
A second season corresponding to May and June is characterized by high abundances of old age groups in the Cornwall area (29E5), associated with young adults in May (see above paragraph). June pattern is intermediate between those of May and July, with increasing abundances of young adults in the northern Celtic Sea. From July to September, high abundances of age 1 are found in the Smalls area (specifically in rectangles 31E4 and 32E3), in relation with recruitment to the fishery, and young adults (ages 2 and 3) are abundant in the Smalls area. Old matures are mainly observed in rectangle 31E3 (Smalls area) and south of Ireland in August and September.
From October to December, young adults are mostly found in south Ireland and to a lesser extent in the Smalls area. The abundance of old adults remains low, except in December in south Ireland, probably anticipating the forthcoming spawning season (see January pattern on Fig. 4a ).
For comparison with typology results, CPUE maps were shown for age groups 1 to 3+ for commercial data (Figs. 5-7) . Again, cluster results synthesize well-observed CPUE.
Year-specific patterns
The analysis of year-specific patterns was achieved through the typology of non-averaged commercial CPUE, i.e. 1763 individuals (the combinations of rectangle-monthyear for which a CPUE is available) described by five CPUE variables (for each age group 1 to 5+). Month, rectangle, ICES subdivision and year were used as illustrative variables. The first two principal axes explain 82% of the variance of the data. Projections of CPUE variables and months (Fig. 8 ) are similar to those obtained from the total analysis of averaged data (not reported). On the first axis, areas with high abundances (VIIg3, VIIg2 and VIIf1) are opposed to others. On the second axis, areas with large abundances of adults (VIIf1) in the first quarter are opposed to areas with high abundances of young individuals (ages 1-3) in the second half-year. As for year effects, projection of the year variable indicates that years 1993 and 1994 are opposed to years 1996 and 1997 on the second axis. The contrast between 1993/1994 and 1996/1997 in abundances of ages 1 and 2 vs. 4 and 5+ also shows on summary statistics (Table 1) .
Examination of HAC results yields more insight on possible consequences of year effects on the typology of Table 4 . The retained partition comprises three clusters and explains 53% of the variance of the data. These results may be compared with those obtained from the total analysis of averaged CPUE data (Table 4) . Results obtained from non-averaged CPUE (Table 5 ) indicate a first cluster (1NA) corresponding to relatively low abundances for all ages. In the second cluster (2NA) are found high abundances of ages 3 to 5+, and to a lesser extent high abundances of age 2. In contrast, the third cluster (3NA) is characterized by very high abundances of age groups 1-3 and by relatively high abundances of ages 4. The first two clusters have similar interpretations in both typologies. Hence, clusters 1 and 2 are described by the same ICES subdivisions (Table 5) , whereas significant subdivisions for cluster 3NA correspond to those of clusters T3 and T4. Characterization of clusters by rectangles appears rather similar except for clusters 3NA vs. T3 and T4. The influence of rectangle 31E3 on cluster 3NA relates to the peak abundance of age 1 in 1993 (Table 1) . As for months, February, March and April characterize clusters 2NA and T2, while clusters 3NA, T3 and T4 correspond to the second half-year. In finer partitions (not reported), the peak recruitment of age 1 in 1993 determines an additional cluster. Although results for age group 1 need be taken cautiously, because of potential variations in discard rates (see zero CPUE in 1997), these patterns may be linked to variations in recruitment rate and/or timing (note that the year effects evidenced here operate within ICES subdivisions VIIg2 and VIIg3). Results Table 4 Characterization of clusters obtained from HAC of averaged commercial CPUE. Cluster size is the number of rectangles in the cluster. A variable is characteristic if associated test value is significant (in italics). Variables are ranked by decreasing test value of variables. The last column indicates how rectangle-months in the cluster are distributed over months also confirm that there were more rectangles with high abundances in year 1993 (clusters 2NA and 3NA). However, cluster composition is on the whole little affected by the averaging of CPUE over years. We can thus conclude that although several year-specific patterns may be evidenced from the analysis, they do not bias the recurrent spatial and seasonal patterns displayed by the analysis of averaged CPUE.
Discussion
The objective of this paper is to determine age-specific spatial and seasonal patterns, i.e. to delineate zones and periods of the year (seasons) during which abundances per age group are similar. Three kinds of information were available in this purpose: prior knowledge from the literature, scientific survey CPUE and commercial CPUE. We also contemplated using data from a discard study (Cotter et al., 1999) , but these data were inappropriate for spatial considerations.
Rather than combining data from different sources, we preferred to analyze them separately to (i) examine whether or not they yield distinct pictures of the spatial distribution, and (ii) stress and contrast their respective information contents, advantages and shortcomings. The same approach was used for scientific and commercial data in order to have comparable results.
Spatial and seasonal distribution of whiting
Monthly maps obtained from commercial CPUE analyses are relatively consistent with prior knowledge quoted in Section 2. Descriptions from the literature are sometimes contradictory and remain rather coarse. The two main spawning grounds are clearly delineated, as well as the recruitment area, respectively, associated with months of January-April, and July-December. On the continental shelf south of 50°N, whiting abundance is low throughout the year. Since high abundances are less frequent in the northern Celtic Sea during the second half-year (Fig. 4) , we hypothesize that adults may then disperse over the southern Celtic Sea and the western English Channel. However, this hypothesis remains to be tested since other processes like changes in vulnerability to gear may also potentially explain these patterns. June and December appear as intermediate periods. In June, part of the young adults are not located in the same areas as old adults. This presence on the northern spawning grounds may be related to a first reproduction occurring late in the season. The December pattern may be explained by a progressive arrival of old adults on spawning grounds. However, available data do not allow to check for these hypotheses.
The analysis of scientific CPUE only provides insight on the spatial distribution in October-November and in March, but these data bring information on the abundance of age group 0, these fish being either discarded or not caught by fishermen. Young of the year are not found in spring CPUE because they are not yet vulnerable to the scientific trawl. In autumn, they are located (like age group 1) on the Smalls and in the Bristol Channel.
Concerning age group 1, it is found in commercial landings from July to September in some years and from October to December in other years. This may be explained by lags in recruitment timing, but also by fluctuating discard rates or environmental effects affecting distribution. Whiting recruitment was relatively high in the early 1990s and low in the late 1990s (ICES, 1999) . In spring, age 1 is in the northern Celtic Sea like all other age groups. For age group 1, scientific CPUE appear more reliable for delineating spatial patterns, but commercial CPUE are helpful in determining seasonal variations.
With regard to adults, both scientific and commercial maps clearly show that adults are concentrated south of Ireland (and in rectangle 32E4) and in North Bishop from January to April, in relation to reproduction. Consistently with commercial CPUE, adults are less abundant in autumn than in spring. Spatial patterns for adults are better delineated from commercial CPUE than from scientific CPUE.
Our findings are consistent with prior knowledge, except that, contrary to the literature which only mentions a winter concentration in the northern Celtic Sea, we find a concentration of most age groups in this area in autumn. Present results yield a more precise picture of spatial and seasonal abundance patterns than prior knowledge, since patterns are determined at the scale of ICES rectangles and months. Based on data analysis, these results provide a rationale for determining zones and seasons for whiting distribution. However, the zones obtained are not as compact as we would have expected, in particular in the purpose of constructing a spatial and seasonal model of population dynamics. Rectangles of a given cluster are sometimes scattered in two or three locations. In addition, 2 months (June and December) apparently correspond to transitional distributions. So far, we have not developed statistical criteria to determine the most appropriate zones (groups of rectangles) and seasons (groups of months) from these monthly maps. These analyses lead to monthly snapshots of spatial distribution. As such, it allows us to build hypotheses on possible migration and dispersion features, but it does not enable us to test them. Tagging experiments are needed to study these questions which fall beyond the scope of this paper. In order to further improve determination of the boundaries of the spatial and seasonal structures, it might be interesting to evidence habitat preferences by studying relationships between abundance and environmental variables. For instance, Zheng et al. (2001) studied the spatial and temporal distribution of the North Sea whiting in relation with depth and temperature. 
Methodology
For commercial data, the typology accounts for spatial contiguities between rectangles and temporal contiguities between months. The contiguity analysis comprises three complementary PCA: local, global and total. Local analysis is useful for identifying local variations, whereas global analysis emphasizes smooth large-scale patterns. Total analysis does not consider any scale in particular, but may be compared to conventional analyses that do not account for contiguities. Contiguity analyses are thus helpful to analyze the fluctuations of variables of interest at several spatial and temporal scales. In the case of whiting abundance, the three analyses yield similar results, indicating that the structures found were consistent across scales. But, a few features emerged from local and total analyses, and not from global analysis. They pertain to sharp variations in abundance be- tween neighboring rectangle-months for age group 1, and to a lesser extent to the segregation of old and young age groups. This study rests on several hypotheses that need to be discussed. First, CPUE were averaged over years. This may be justified by the fact that we were not interested in analyzing inter-annual variability of distribution, but rather in characterizing mean patterns, which should be recurrent over the few years studied, since they are tied to life cycle. Distribution shifts in space and time may still occur due to environmental influences. A very strong year class entered the fishery in 1993 and caused a substantial stock increase over the years studied (e.g. in 1995) (ICES, 2000) . We checked whether analyses were not too sensitive to particular years, which was not the case except for the abundance of age group 1. In addition, averaging over years was desirable for commercial data that do not cover all rectangles each month in a given year.
Second, we had to consider single rectangle trips in order to be able to assign catch to a rectangle. As mentioned earlier, it is not necessary that these trips are a representative sample of the whole set of commercial trips. They represent a substantial percentage of all trips and provide a good coverage of the whole Celtic Shelf. The same approach was used in Pelletier and Ferraris (2000) .
Last, we consider that all trips can be averaged regardless of the metier practiced, the type of vessels and other technical and fishermen-related characteristics of fishing effort. Instead, we could have picked fishing trips targeting whiting. It could be interesting to do this if the objective was to estimate abundance level per patch and season. But, we are rather aiming at depicting spatio-temporal patterns over the area of distribution, including places where abundance may be low, and we thus need to have the best spatial and seasonal coverage of the area. Regarding individual fishing power and technical characteristics, we assumed these effects were smoothed out by averaging over trips. This approach was also proposed by Hilborn (1985) and Pelletier and Ferraris (2000) . We are aware that in places where CPUE are low, they may underestimate whiting abundance relatively to places where they are high, because the former are presumably due to non-targeted fishing effort. Again, this may pose a problem when one wants to estimate average abundances per patch and per season, but not so much to delineate patches and seasons, which is the main objective of this paper. When it comes to abundance estimation, fishing efficiencies per species need to be taken into account. This is also why we do not compare scientific and commercial CPUE values, nor do we combine them in the analysis.
Multivariate descriptive methods were implemented to analyze both commercial and scientific data, because the spatial resolution of commercial data is limited to ICES statistical rectangle. Other methodologies could be considered if information were available at the scale of the fishing operation (haul). For instance, Vignaux (1996) studied the spatial distribution of hoki from precisely georeferenced logbook data. In the case of scientific data, this information is lost by averaging at the rectangle scale. If data were more numerous and from several surveys per year, it would be worthwhile for our purpose to retain geographical coordinates and try to formally combine scientific and commercial information, e.g. Pelletier et al. (1993) . 
Data collection
This analysis raises several points related to data collection and the information used for estimating fish abundance. First, we assumed landings were proportional to catch. However, discards of whiting are substantial in this fishery for age groups 0 and 1. The length at which 50% of the fish were discarded (DL 50 ) is 32.6 cm on average, which is larger than the minimum legal landing size. Above 40-45 cm, whiting are generally never discarded. A discard study (Rochet et al., 2002) shows that in the Celtic Sea almost all whiting smaller than 32 cm were discarded in 1997, which explains the zero CPUE of age 1 that year. However, discards are highly variable between years, and CPUE of age 1 is not zero in other years. According to assessment working groups (ICES, 2000) , the apparent recent decline in abundance of age 1 might be a consequence of both increased French landings in UK and Ireland, and a higher discarding rate of small fish. Accounting for discards in the analysis would certainly improve the results, but the spatial and temporal coverage of the available discard data were unfortunately not sufficient to take this information into account here. Results from scientific CPUE are here helpful in evaluating the consequences of discards on commercial CPUE results. As for potential misreporting problems for commercial catch, misreporting was deemed unlikely by assessment groups because the TAC of landings is well in excess (ICES, 2000) , and commercial data for whiting are considered to be relatively accurate from this standpoint. Third, the resolution of commercial data is not optimal for spatial analyses. Effort is only known at the scale of ICES rectangles, and catch is only known at the trip scale. This shortcoming strongly constrained our methodological choices. Regarding effort, the accuracy of the allocation of trawling time to rectangles is not known. For instance, vessel trajectories during towing likely overlap two rectangles. Starting and ending positions of tows would certainly enable to estimate much more accurate CPUE. The availability of data from vessel monitoring programs would be of great value in this purpose. Regarding catch, the allocation of catch between rectangles is unknown in about 60% of the trips. This information is lacking in data collection systems of many fisheries. It is indeed problematic for studying spatial distributions of exploited populations, but also for characterizing fishing activity (Pelletier and Ferraris, 2000) . Still, the sample size and the spatio-temporal coverage of commercial data obtained from compulsory logbook programs are unique, in this case approximately 2000 trips of 12 days per year for commercial data, vs. 50-80 hauls of 30 or 60 min for scientific data. Although there may be considerable reliability problems, these data are very informative about spatial and seasonal patterns.
Concerning scientific data, the fact that data arise from two distinct surveys is likely to result in differences that may affect comparisons of autumn and spring data. First, hauling time is half an hour for the autumn survey and 1 h for the spring survey. It is generally estimated that haul duration may affect size composition of catches in that fish endurance increases with size. The proportion of large individuals in the catch then increases with haul duration (Wardle, 1993) . But it seems that the influence of haul duration on catch composition may only be observed at relatively high temperatures (Engås and Godø, 1989) . Therefore, we do not believe that such effects may influence the kind of analysis presented here. Second, fishing gears differ slightly in dimensions (see Section 3.1), which may affect selectivity and efficiency. During the analysis, we observed differences in age composition and overall biomass between the CEFAS and in the IFREMER surveys. The autumn survey has lower overall biomass and a younger age composition than the spring survey. We cannot assert that these differences are fully due to seasonal effects, but given the above remarks, we believe that seasonal effects, which are the scope of this paper, are largely predominant in explaining these differences.
Conclusion
Our study shows that, to a certain extent, large-scale spatial and temporal patterns of whiting distribution can be delineated from commercial and scientific data, if both data are used in a complementary way. The approach proposed is applicable to any exploited population for which scientific and commercial catch and effort data are available. To ascertain the spatial and temporal distributions obtained, it would be interesting to analyze abundance patterns in relation to environmental variables.
Determining patches and seasons is not a final objective. It may be helpful in several respects. First, it provides a rationale based on statistical data analysis for building hypotheses for a spatio-temporal model of the population dynamics. Such a model is being developed for the Celtic Sea whiting, and will be incorporated in a simulation tool to test management measures which take into account the dynamics of other important species in the fishery (Pelletier et al., 2001) . Second, results may be interpreted together with results from tagging experiments in the view of estimating migration coefficients between patches. They may also help designing such experiments. Lastly, patches and seasons defined here may form a basis for defining abundance estimates that are explicitly spatial and seasonal, e.g. from targeted commercial trip data, scientific catch data, or acoustic data. Table 6 Matrices used in each analysis (simple PCA, total analysis, local analysis and global analysis). I p is the (p × p) identity matrix, X c is the (n × p) standardized data matrix (centered or normalized), D is the diagonal matrix of neighbor weights (i.e. D ii is the number of neighbors of point i divided by total number of neighbor pairs), X D is the D-standardized data matrix. P (contingence table) 
